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Abstract 
This study analysed a future hypothetical organic farm self-sufficient in renewable tractor 
fuel. Biomass from the farm was assumed to be transported to a central fuel production plant 
and the fuel returned to the farm, where it was utilised in fuel cell powered tractors. The land 
use, energy balance and environmental impact of five different scenarios were studied. In the 
first two scenarios, straw was used as raw material for production of hydrogen or methanol 
via thermochemical gasification. In the third and fourth scenarios, short rotation forest (Salix) 
was used as raw material for the same fuels. In the fifth scenario, ley was used as raw material 
for hydrogen fuel via biogas production.  
 
The straw scenarios had the lowest impact in all studied environmental impact categories 
since the Salix scenarios had higher soil emissions and the ley scenario had comparatively 
large emissions from the fuel production. The energy balance was also favourable for straw, 
16.3 and 19.5 for hydrogen and methanol respectively, compared to Salix 14.2 and 15.6. For 
ley to hydrogen the energy balance was only 6.1 due to low efficiency in the fuel production. 
 
In the Salix scenarios, 1.6 and 2.0% of the land was set aside for raw material production in 
the hydrogen and methanol scenarios respectively. In the straw scenarios no land needed to be 
reserved, but straw was collected on 4.3 and 5.3% of the area for hydrogen and methanol 
respectively. To produce hydrogen from ley, 4% of the land was harvested.  
 
The study showed that the difference in environmental performance lay in choice of raw 
material rather than choice of fuel. Hydrogen is a gas with low volumetric energy density, 
which requires an adapted infrastructure and tractors equipped with gas tanks. This leads to 
the conclusion that methanol probably will be the preferred choice if a fuel cell powered farm 
would be put into practice in the future.  
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1. Introduction 
In Sweden, about 475 000 ha (17%) of agricultural land was farmed organically during 2004. 
However, only 180 000 ha (7%) was certified by the Swedish organic farming control organ 
KRAV.  The goal of the Swedish government is that 20% of arable land should be certified 
organic by 2010 (Persson and Nykvist, 2005).   
 
  1In organic farming, there is an ambition that production should be based on the use of natural, 
biological and renewable resources (IFOAM, 2006). This would include motor fuels for 
tractors. Mineral oil is a limited resource and the burning of fossil fuel contributes to global 
warming. The consumption of diesel oil by organic farming is approximately 100 litres per 
hectare and year (Baky et al., 2002). There is a large amount of literature on the topic energy 
use in organic agriculture, especially compared to conventional production (see for example 
Dalgaard et al., 2001; Gomiero et al., 2008; Pimentel et al., 1983). In practice however, 
energy aspects are seldom included in organic farming regulations (Wivstad et al., 2004).  
 
Fossil fuels used in diesel combustion tractor engines represent a large energy input to organic 
crop production. With current technology it is possible to use renewable fuels such as RME 
(rape methyl ester), ethanol or biogas in existing or modified tractors. However, utilising 
more energy-efficient drive trains, for example by introducing fuel cell (FC) powered tractors, 
would reduce the amount of fuel inputs required in organic food production. It is also 
important to obtain high energy efficiency in the fuel production system. One promising route 
is to produce hydrogen or methanol from biomass (Azar et al., 2000).  
 
Hydrogen is currently an important feedstock in organic chemistry, with a world-wide annual 
production of 50 million tonnes, most commonly produced from steam reforming of natural 
gas (Solomon and Banerjee, 2006). Much effort is devoted to research into hydrogen 
production by governments, motor vehicle companies and energy companies. However less 
attention is given to sustainable production of hydrogen. Hydrogen can be produced from 
renewable resources in different ways (Chum and Overend, 2001; Ni et al., 2006). One major 
pathway is via the thermochemical conversion of biomass (pyrolysis and gasification). 
Another possibility is to produce methane by anaerobic digestion of biomass, and to then 
produce hydrogen from the methane gas. A different alternative is to use ‘green’ electricity 
(e.g. wind-, solar-, hydropower or biomass combustion) to drive an electrolysis process that 
splits water into hydrogen and oxygen. Yet another solution could be to collect hydrogen 
produced by enzymes found e.g. in algae and photosynthetic organisms.  
 
As hydrogen is a gas with low volumetric energy density, difficulties arise with storage and 
handling when it is aimed for use as a vehicle fuel. At present there are two main forms in 
which hydrogen can be managed: compressed gaseous hydrogen and liquefied hydrogen. 
However, both of these are low-volumetric storage systems. New technologies to allow higher 
volumetric energy density are under development, such as metal hydrides and carbon 
adsorbents (Eberle et al., 2006).  Another way around the problem could be to use a liquid 
fuel such as methanol to run the fuel cells. There are dedicated fuel cells for methanol (direct 
methanol fuel cells), but the methanol can also be reformed to hydrogen on board the vehicle 
and used in proton exchange membrane (PEM) fuel cells. Methanol is today produced on a 
commercial scale from petroleum, natural gas and coal, but in the future could also be 
produced from gasified biomass (Boding et al., 2003).  
 
Only a small number of FC vehicles are in use, approx. 900 light duty cars were running 
during 2007 world-wide (Butler, 2008). Most of these FC vehicles use PEM stacks with 
compressed hydrogen. However, the progress of fuel cell vehicles is rapid and series 
production might soon be a reality.  Recently a fuel cell farm concept tractor was presented 
(New Holland, 2009). The 75 kW tractor operates on compressed hydrogen stored in an 
integrated tank under the hood. It is also interesting to note that the world’s first fuel cell 
vehicle was an agricultural tractor, built in 1959 by Allis Chalmers (Steinemann, 1999).  
 
  2If the fossil tractor fuels are to be replaced with biomass, it is vital that the new system shows 
clear benefits such as good economy, energy balance and environmental performance. By 
observing a system from cradle to grave, differences in energy use and environmental burden 
can be identified. Life cycle assessment (LCA) is a widespread and useful tool to analyse a 
product such as motor fuel during its entire life cycle (Fleming et al., 2006). LCA also 
enhances the understanding of how different processes in a system affect the overall results 
(Baumann and Tillman, 2004). The economic performance of the systems are not evaluated in 
this study as it was found to be very difficult to predict future energy prices and fuel cell 
production costs.  
 
In previous studies, ethanol, biogas and rape methyl ester (RME) have been studied from an 
organic self-sufficiency perspective (Fredriksson et al., 2006; Hansson et al., 2007). Fischer 
Tropsch diesel (FTD) and dimethyl ether (DME) have also been studied under the same 
conditions (Ahlgren et al., 2008). These studies evaluated both the technical and economic 
sustainability and the environmental performance of the systems using life cycle assessment 
methodology.  
 
The aim of the present study was to investigate the potential environmental impact, energy 
balance and land use for an organic farm assumed to be self-sufficient in renewable fuel used 
in fuel cell powered tractors on the farm. Straw and short rotation willow coppice (Salix) were 
chosen as raw materials for hydrogen and methanol production via thermochemical 
gasification, since they have been demonstrated to have good energy balance in terms of input 
versus output from the field (Börjesson, 1996). Ley crop was studied as a substrate for 
hydrogen production via anaerobic digestion, because of its beneficial properties in organic 
crop rotations (Fredriksson et al., 2006).  
 
2. Methods 
The environmental performance of the scenarios studied was calculated using an LCA-based 
methodology as described in the ISO 14000 series standards (ISO, 1997). The energy 
requirements and emissions in all processes, from raw material acquisition through 
distribution and processing to end-use, were quantified. The potential environmental load, 
categorised in different impact categories, was then calculated using characterisation factors. 
The categories calculated in this study were use of land, energy balance, global warming 
potential (GWP) for a 100-year time horizon, acidification potential (AP) and eutrophication 
potential (EP) using characterisation factors from IPCC (2001) and Lindfors et al. (1995).  
 
The direct and indirect nitrous oxide emissions from soil were calculated using Tier 1 method 
as described in IPCC (2006), but using national emission factors from Fink et al. (2003).  
 
3. Assumptions and system description 
3.1 General system description 
Three different paths for self-sufficiency of motor fuel were compared in a systems analysis 
(Table 1). In the first path (scenario 1a and 1b), straw is used as raw material for production 
of hydrogen and methanol via thermochemical gasification. In the second path (scenario 2a 
and 2b), Salix is gasified to produce hydrogen and methanol. In the third path (scenario 3), 
hydrogen is produced by reforming methane produced from anaerobic digestion of ley. For all 
systems studied, proton exchange membrane (PEM) fuel cells were assumed to power the 
  3farm tractors. In the methanol scenarios, an onboard steam reformer was used to convert the 
methanol to hydrogen. 
 
 Table 1. Short description of the scenarios studied  
Scenario   Description 
 
1a 
 
Straw from wheat as raw material for gasification and production of hydrogen, used in 
fuel cell powered tractors. 
1b  Straw from wheat as raw material for gasification and synthesis to methanol. Used in 
fuel cell tractors with onboard reforming to hydrogen. 
2a  Salix as raw material for gasification and production of hydrogen, used in fuel cell 
powered tractors. 
2b  Salix as raw material for gasification and synthesis to methanol. Used in fuel cell 
tractors with onboard reforming to hydrogen. 
3  Ley as feedstock in anaerobic digestion producing methane, reforming to hydrogen and 
used in fuel cell powered tractors. 
 
 
The crop rotation and the yields for the study (Table 2) were based on data taken from an 
organic research farm in south-western Sweden with mainly clay loam soils. In the crop 
rotation, nitrogen-fixing crops (clover grass) is grown and incorporated into the soil two out 
of seven years. This is done in order to supply the other crops with nitrogen, so called green 
manuring. The fuel need for the farm was calculated according to Table 2 and Lindgren et al. 
(2002). The calculations were based on one year of cultivation for the given crop rotation 
system. 
 
When dealing with developing technology, the choice of time boundary strongly influences 
selection of data from the literature. For example, prognoses of fuel cell efficiency can have a 
large variation. The technological systems selected in this study were chosen to fit within a 
15- to 20-year time frame. 
 
 
Table 2. Crop rotation, average number of field operations per year and crop yields  
Crop rotation 
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Field  beans  0.5 0.9 1 3.5  1  1 0.4 0.6 0  1 2400   
Oats  0.1 0.3 1 2.5  1  0.5  0.5 0.2 0  1 3200   
Green manure
  0 0 0  0  1  0  0 0 2  0  6000
a 
Winter  rapeseed  0.4 1.4 1 3.8  1  1.8  0  0  0  1 2000   
Winter  wheat  0 1 1  3.6  1  0.6  0.8  0.6  0  1  3500   
Green manure
  0 0 0  0  1  0  0 0 2  0  6000
a 
Rye  0.4 0.8 1 3.6  1  0.5  0  0  0  1 3200   
aYield when harvested as ley. Measured as dry matter after losses.
. 
 
  43.2 Functional unit and system boundaries 
The functional unit was defined as the amount of motor fuel needed to cultivate 1000 ha of a 
given organic crop rotation during one year. The raw material for the fuel had to be cultivated 
within the 1000 ha. The chosen land area could be a large farm or a cooperation of several 
farms. Figure 1 shows a schematic view of the scenarios studied. The study included the 
production of biomass needed for fuel production, transport of feedstock and fuels, the fuel 
production process, return of nutrients and the use of fuel when cultivating 1000 hectares.  
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Figure 1. Schematic picture of the systems studied.  The dashed line represents the system 
boundary. 
 
3.3 Allocation procedures 
In the Salix systems there was no allocation between products and the fuel production systems 
carried the environmental burden for the entire production of Salix. In the straw scenarios, 
however, an economic allocation was made between straw and wheat at the field directly after 
harvest. The mass straw-to-grain ratio was set to 0.85 (Nilsson, 1999). The straw, which can 
be sold for fuel purposes, was given a value of 9.6 € metric ton
-1 dry matter based on Nilsson 
(1999) and recalculated to the 2004 price level (SCB, 2007). The wheat has a value of 143.2 € 
metric ton
-1 dry matter (Lantmännen, 2006), resulting in a 5% allocation from the wheat 
production to straw.  
 
A clover/grass ley was grown and ploughed in twice during the crop rotation in order to 
supply nitrogen. In the ley scenario, a part of the area was harvested and used for fuel 
production. Almost all of the nutrients were returned from the production plant, thereby not 
interfering with the original aim of green manuring. The ley was in other words thought of as 
a free resource in the system, and was not attributed any of the environmental burdens 
connected with green manure cropping.  
 
  5When studying cultivation of a single crop, difficulties can arise since all crops in a crop 
rotation are affected by the cultivation of other crops. Positive preceding crop effects on 
nutrient balance, amount of weeds or incidence of diseases may influence the yield of a crop 
in the rotation. This study used the method for allocation of processes affecting other crops in 
the rotation developed by van Zeijts et al. (1999).  According to this method, the 
environmental impact of green manure must be allocated to all crops according to their land 
use in the rotation, since green manure benefits all crops.   
 
3.4 Production of raw material 
Data for cultivation of Salix, straw and ley included all operations and emissions generated 
from production of seed or seedlings, fertilisation, cultivation, harvesting and loading onto 
transportation trucks.  
 
When Salix was used as the raw material, part of the 1000 ha was taken out of the crop 
rotation. The size of the area set aside depends on the production efficiency of the methanol 
and hydrogen process. Because Salix has a lifetime of about 20 years, it needs to be fertilised 
by other means than the nitrogen-fixing crops in the rotation. It was assumed that the 
plantation was fertilised with digestate from a nearby biogas plant operated with ley, using 
data taken from Fredriksson et al. (2006). Biogas digestate from ley is approved for organic 
farming. In the beginning of each cutting cycle (every four years), 150 kg N and 17 kg P were 
assumed to be applied. Salix was chipped and harvested in one step and the yield was 
estimated to be 6300 kg dry weight per hectare and year.  
 
The ley was collected from the area used for green manure in the given crop rotation system. 
A mower conditioner and precision chopper was used for harvesting and the ley was then 
loaded onto trailers for transport. The yield was set to 6000 kg dry matter per hectare and year 
after losses during harvest, handling, storage and ensiling. 
 
Straw was collected from wheat cultivation within the system boundary and no area was set 
aside for straw production. The amount of straw collected was set to 2530 kg dry weight per 
hectare and year. The straw was baled before transport to the fuel plant. The straw was 
allocated a part of the energy consumption and environmental load from wheat production 
(see chapter 3.3). Data for wheat cultivation is presented in Table 3. As the efficiency of the 
fuel cell vary between methanol and hydrogen powered fuel cells, the energy requirement in 
wheat cultivation differ between the scenarios.  
 
Table 3. Energy requirement and emissions in the studied organic wheat cultivation. Nitrogen 
is supplied from green manure crops ploughed into the soil in two out of seven years of crop 
rotation 
Tractor fuel  H2 Methanol
Energy requirement (MJ/ha)  1563 1833
 
Emissions to air (kg/ha) 
CO2 00
N2O 2.7 2.7
NH3 2.0 2.0
 
Emissions to water (kg/ha) 
P 0.3 0.3
N 35 35
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Data on nitrogen losses to water were taken from Johnsson and Mårtensson (2002) and 
Dimitriou and Aronsson (2004).  Emissions of nitrous oxide and ammonia were calculated 
using data from Fink et al. (2003) and Välimaa and Stadig (1998).  In Salix plantations, leaf 
litter was not incorporated into the soil and caused emissions of nitrous oxide. The leaf litter 
was assumed to give rise to 0.4 kg ha
-1 year
-1 of nitrous oxide, calculated from Aronsson 
(2000) and Fink et al. (2003).  The losses of phosphorus were assumed to be 0.5 kg ha
-1 year
-1 
for all crops, based on Kyllmar and Johnsson (1996).  
 
Removing straw could have a negative impact on the soil structure and carbon content.  
However, in organic farming having a crop rotation with large proportion of green manure the 
organic soil matter content will be relatively high (Freibauer et al., 2004; Röing et al., 2005) 
and removing a small share of the available straw will be of minor importance.  
 
In the ley scenarios, the clover/grass crop was instead of being ploughed down removed for 
biogas production. In the anaerobic digester the easy degradable carbon is converted to biogas 
by micro-organisms. However, the solid carbon remains in the digestate which is returned to 
the field. In fact, a study by Marcato et al. (2009) indicates that the share of stable carbon 
might even increases by applying digested organic material compared to undigested. The ley 
scenario will in other words most likely not have a negative effect on the soil carbon content.  
 
In the Salix scenarios on the other hand, a part of the land is taken out of the crop rotation for 
the cultivation of a perennial crop which could have an influence on the soil carbon content. 
Rowe et al. (2009) examined a number of studies on soil carbon changes due to cultivation of 
short rotation coppice and found that the results were very varied, in some cases the soil 
carbon even decreased. Rowe et al. (2009) suggest that former land use and initial soil organic 
carbon level was determining for the outcome. Börjesson (1999) calculated that an average 
mineral soil in Sweden could accumulate 0.5 tonnes C ha
-1 year
-1 if Salix is cultivated. The 
change in this study is however from an organic crop rotation with a higher initial carbon pool 
and the increase can therefore expected to be less. Based on long term field trials Johansson 
(1994) modelled a field with an initial carbon content of 40 tonnes C per ha and the changes 
after 30 years with different crops rotations. A cereal crop rotation with frequent straw 
removal lowered the carbon content with about 2 tonnes per ha over 30 years, while a 
cereal/ley rotation increased the carbon content with 4-9 tonnes per hectare. Planting willow 
led to an increase of 4 tonnes C per ha over 30 years, equivalent to 133 kg C ha
-1 year
-1. Since 
the organic soil carbon content was difficult to assess, we decided to only include the possible 
changes in the sensitivity analysis. 
 
3.5 Production of fuels 
In the scenarios with thermochemical gasification, the fuel production plants were assumed to 
be large scale, with approx. 400 MW LHV (lower heating value) dry incoming biomass. This 
means that the fuel for the studied farm only is a part of the total fuel production of the plant. 
Biogas plants are generally much smaller scale and in the ley to hydrogen scenario a 4 MW 
plant was assumed.  
3.5.1 Straw and Salix scenarios 
The production of methanol and hydrogen from biomass via thermochemical conversion 
includes pre-treatment of the biomass, gasification, gas cleaning, reforming and shift 
  7conversion to adjust H2:CO ratios, followed by separation of hydrogen or methanol synthesis 
(Hamelinck and Faaij, 2002). In both the hydrogen and the methanol cases, we assumed that 
the facilities were self-sufficient in electricity and heat for the process, i.e. some of the energy 
in the biomass was used for driving the processes. The only products from the facilities are 
fuels and ash. 
 
A hydrogen production plant involving pressure swing adsorption (a technology based on the 
difference in adsorption for different compounds) can generate 99.999% pure hydrogen gas 
well suited for use in PEM fuel cells. Based on Hamelinck and Faaij (2002) we assumed that 
0.56 MJ LHV hydrogen was produced per MJ LHV dry biomass. Data for emissions from the 
hydrogen production were taken from Edwards et al. (2006). 
 
Methanol can be produced by hydrogenation of carbon oxides over a catalyst in a reactor. 
Based on Hamelinck and Faaij (2002), we assumed that 0.54 MJ LHV methanol was 
produced per MJ LHV dry biomass. Emission data for the process were taken from Furnander 
(1996). 
 
In the gasification process, ash is produced. Fly ash can contain high amounts of heavy metals 
such as cadmium and can be land-filled or be utilised e.g. as ballast in road construction. 
Bottom ash contains valuable phosphorus and potassium, which can be recycled for 
agricultural use (Pels et al., 2005). In this study it was assumed that the bottom ash was 
returned to the same fields from which the biomass was removed.  
3.5.2 Ley scenario 
At the biogas plant, the ley was assumed to be ensiled in long bags (bag ensiling). The silage 
can then be continuously fed from the bags into the anaerobic digestion chamber. Biogas is 
the main product from digestion, digestate the by-product. The biogas contains roughly 55% 
methane and 45% carbon dioxide. The biogas was assumed to be cleaned and fed into steam 
reforming and pressure swing adsorption to produce hydrogen.  
 
Based on data from Nordberg and Edström (1997) and Nordberg et al. (1997), the methane 
yield was set to 300 litres methane kg
-1 volatile solids. Some of the produced biogas was 
assumed to be combusted to supply electricity for pumps and heat for the process. The 
combusted part was set to 3% of the annual produced energy in the biogas. According to 
Schulte-Schulze Berndt (2002), 0.66 MJ (LHV) hydrogen can be produced per MJ methane.  
It was assumed that electricity and heat for the processing and compression of hydrogen were 
produced by combustion of some of the biogas. It was calculated that about 0.18 MJ 
electricity was needed per MJ produced hydrogen for reforming and compression. Any excess 
heat was assumed to be of no value and not utilised. In total, 0.27 MJ LHV hydrogen was 
calculated to be produced per incoming MJ LHV dry ley grass.  
 
The digestate was assumed to be intermediately stored at the biogas plant and the methane 
produced during storage was collected and recycled to the main gas stream. Most of the 
nutrients contained in the ley are preserved in the digestate, which was transported back to the 
farm and spread to a non-specified cereal crop within the crop rotation, thus spreading was 
placed outside the system boundaries (Figure 1). During farm storage, some methane will 
continue to be produced and released to the atmosphere. According to IPCC (2006), 10% of 
the volatile solids are degraded and lost as CH4 from manure liquids or slurries with natural 
crust in open storage facilities, but if covered storage is used methane emissions decrease. 
  8Also, the substrate has been digested and the methane production potential will be lower than 
with untreated manure. We therefore assumed a 5% loss during storage. 
 
3.6 Logistics 
As the thermochemical gasification scenarios assumed large scale production facilities, the 
transportation distance between farm and fuel production plant was set to 100 km one-way in 
the straw and Salix scenarios. In the smaller scale biogas scenario, a distance of 25 km 
between farm and plant was assumed. Empty return of trucks was included in the calculations. 
It was assumed that trucks were run on the same kind of fuel as in the systems studied, e.g. in 
the methanol scenarios the trucks were driven with methanol in fuel cells. However, the fuel 
needed for transport was not produced from the farm raw material, but produced from natural 
gas. Data for transport of raw material and fuels were based on Berggren (1999) and Pehnt 
(2001). 
 
Implementing hydrogen powered farming systems raises questions about distribution 
infrastructure, technical design and safety, among other things. In this study, we assumed that 
compressed hydrogen was used. The hydrogen was assumed to be transported to the farm in 
containers loaded on trailer trucks, a system today used for distribution of biogas. A container 
consists of 147 connected 50-litre bottles, and a truck can carry three containers at a time 
(SBGF, 2005). With a pressure of 432 bar, each truck could transport 626 kg of hydrogen. 
The container units could be parked and connected to a permanent fuel dispenser island for 
fast fill of the tractors as described by Wong (2005). Emptied containers are transported back 
to the hydrogen production facility and refilled. It was assumed that 20% of the hydrogen 
remained in the emptied bottles on return (Koljonen et al., 2004). The methanol was assumed 
to be transported to the farm by methanol fuelled tank trucks.  
 
3.7 Use of fuel 
3.7.1 Fuel cell tractors 
In all scenarios, it was assumed that tractors used PEM fuel cell stacks connected to electrical 
motors and a peak power battery. Electric propulsion is well suited for agricultural operations, 
working with high torque and low speed. Compared to a combustion engine, fuel cells 
vehicles have few moving parts and operate quietly.  
 
The total power train energy efficiency of the direct hydrogen fuel cell tractors was set to 
34%, based on Åhman (2001), which can be compared to 19% for diesel vehicles (Cederberg 
et al., 2004).  For methanol we assumed that a steam reformer with an efficiency of 85% was 
used, the overall system efficiency of the vehicle thus becoming 29% (Åhman, 2001). 
3.7.2 Hydrogen  
Hydrogen tanks need to be fitted to the tractor. The system can be designed so that the gas 
bottles are mounted for example on the roof and the front of the tractor. A hydrogen gas bottle 
containing 3.75 kg of hydrogen at 345 bar pressure is approx. 70 cm long, with a diameter of 
50 cm and with a net weight of 57.9 kg (Sarkar and Banerjee, 2005). If four of these hydrogen 
bottles were installed, the tractor would have a working distance equivalent to 92 litres of 
  9diesel. However, it is possible that the storage pressure of hydrogen will rise in the future, 
increasing the amount of hydrogen that can be stored onboard.  
 
Hydrogen gas is invisible and odour free, which makes leakages difficult to detect. However, 
it is much lighter than air and in ventilated spaces it will spread and disperse quickly, making 
ignition highly unlikely. In closed spaces, on the other hand, hydrogen could gather and 
become a potential hazard. Hydrogen embrittlement can occur and it is therefore important to 
take precautions so that tanks and tank dispensers do not become damaged. Hydrogen has a 
low volumetric energy density even under high pressure, which means that an explosion of a 
hydrogen tank would be less severe than that of e.g. a petrol tank (Gårsjö and Niklasson, 
2005). In conclusion, hydrogen is a fuel associated with some risk, but no larger than for other 
fuels (Adamson and Pearson, 2000).  
3.7.3 Methanol 
Since methanol is widely used in industrial processes there already exist regulations in 
Sweden for storage and distribution, very similar to those for petrol. The methanol could be 
stored in above-ground tanks at the farm. Methanol is corrosive to most metals, and all seals 
and valves must be made of corrosive-proof material. 
 
Methanol is not carcinogenic, but highly toxic if ingested or large amounts of fumes are 
inhaled (Egebäck et al., 1998). If handled as a motor fuel, however, methanol should not be  
dangerous to human health. Methanol is water-soluble, which in the case of large accidental 
spillages can lead to contamination of groundwater. However, the decomposition time of 
methanol is relatively short and compared to a similar accident with petrol, the effects of 
methanol on the surrounding environment would be less grave.  
 
Emissions from the methanol reformer on the tractor are mainly carbon dioxide (CO2) and 
water vapour. The carbon dioxide is of biological origin and therefore not calculated to 
contribute to global warming. Some emissions of nitrogen oxides and carbon monoxide can 
also occur; relevant data were taken from CARB (1999). 
 
 
4. Results 
4.1. Land use 
 
Within the 1000 ha of available land in the study, the production of fuel for self-sufficiency 
required land for raw material. In the Salix scenario, the production of hydrogen required 16 
ha to be taken out of the crop rotation, while the production of methanol required 20 ha. In the 
straw scenarios, no land needed to be set aside, but 43 ha of wheat straw was collected for 
hydrogen and 53 ha for methanol.  No land needed to be set aside in the ley scenario either, 
but 44 ha of the green manure was harvested. 
 
4.2. Energy balance 
 
The energy balance was calculated as the ratio of energy output in the fuel produced in LHV 
to the primary energy input (Table 4). The energy input originated from cultivation, collection 
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back to the farm. For the fuel production plants, energy used in the process was assumed to be 
generated internally.   
 
The ley scenario had a much lower energy balance than the other systems studied. This was 
due to the low energy efficiency in the fuel production, which led to a higher demand for raw 
material, in combination with the high fuel consumption for ley harvesting. In the methanol 
scenarios the power train efficiency was lower, which meant that a larger amount of fuel 
needed to be produced. Hydrogen on the other hand is volumetric and energy demanding to 
transport.  
 
Table 4. Primary fossil energy input (GJ), energy in the fuel produced (GJ) and the energy 
balance (calculated as energy in fuel divided by primary energy input) 
Scenario number  1a 1b 2a 2b  3
Raw material  Straw Straw Salix Salix  Ley
Fuel H2 Methanol H2 Methanol H2
Cultivation/collection of raw material  18.0 22.9 28.0 39.7  141.2
Transport of raw material  23.5 35.6 23.0 34.8  18.5
Fuel production  0 0 0 0  0
Transport of fuel  24.3 5.7 24.0 5.6  6.8
Nutrient recirculation  0.6 1.0 0.1 0.1  32.1
Total inputs  66.4 65.2 75.0 80.2  198.6
   
Energy in fuel   1080 1271 1067 1252  1205
   
Energy balance  16.3 19.5 14.2 15.6  6.1
 
4.3. Environmental impacts 
 
The calculated potential environmental impacts of the scenarios studied are presented in Table 
5. In total, the straw scenarios had a low environmental impact. This was due to the fact that 
they were only burdened with a few percent of the wheat cultivation according to the 
economic allocation, and also since the fuel production via thermochemical gasification had 
low emissions. 
 
Soil emissions were found to have a large influence on the final results in all scenarios except 
the ley scenario, which was freed from soil emissions (see section 3.3). The soil emissions of 
nitrous oxides dominated the impact on global warming potential, especially in the Salix 
scenarios.  The nitrous oxide emissions were mainly due to direct emissions from leaf litter 
and from indirect emissions via nitrogen leakage. Nitrogen leakage also gave a large 
contribution to the eutrophication potential, both in the straw and Salix cases. Salix had much 
less leakage than wheat cultivation, but straw only carried a small share of the nitrogen 
leakage from the wheat crop. 
 
The cultivation and collection of raw material were assumed to be carried out with tractors 
running on the renewable fuels produced, used in fuel cells and with almost zero emissions. In 
the Salix scenarios, the cultivation figures were higher since they also included supply of 
biological fertiliser (digestate produced outside the system boundary).  
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was mainly due to leakage of methane from digestate storage at the farm. Furthermore, ley 
has a high moisture content and is loaded in a bulky way, which makes it costly to transport. 
However, the distance was set to 25 km compared to the 100 km in the other scenarios, 
reducing the impact. The nutrient recirculation, that is the transport of digestate back to the 
farm, had an impact on the global warming potential since the water content was as high as 
85%. 
 
Table 5. Calculated potential environmental impact of the scenarios studied. The functional 
unit is defined as the amount of motor fuel needed to cultivate 1000 ha of the given crop 
rotation during one year 
Scenario number  1a 1b 2a 2b  3
Raw material  Straw Straw Salix Salix  Ley
Fuel H2 Methanol H2 Methanol H2
Global warming potential (kg CO2-equivalents per functional unit) 
Cultivation/collection of raw material  0 0 752 973  0
Soil emissions  1861 2286 8831 10820  0
Transport of raw material  1345 1893 1317 1849  1056
Fuel production  644 0 636 0  13171
Transport of fuel  1389 303 1372 298  387
Nutrient recirculation  36 51 5 7  1838
Utilisation of fuel  0 0 0 0  0
Total 5275 4533 12913 13947  16452
Acidification potential (kg SO2-equivalents per functional unit)  
Cultivation/collection of raw material  0 0 15 19  0
Soil emissions  9 11 68 84  0
Transport of raw material  1 2 1 2  1
Fuel production  0 14 0 13  81
Transport of fuel  1 0 1 0  0
Nutrient recirculation  0 0 0 0  1
Utilisation of fuel  0 1 0 1  0
Total 11 27 85 119  83
Eutrophication potential (kg O2-equivalents per functional unit) 
Cultivation/collection of raw material  0 0 153 188  0
Soil emissions  1977 2429 2292 2808  0
Transport of raw material  5 9 5 9  4
Fuel production  0 80 0 79  686
Transport of fuel  5 1 5 1  1
Nutrient recirculation  0 0 0 0  7
Utilisation of fuel  0 5 0 5  0
Total 1987 2525 2455 3090  698
 
 
5. Scenario and sensitivity analysis  
Performing an LCA involves making a number of assumptions and choices. In the scenario 
and sensitivity analysis, the impacts of some important factors on the GWP results were 
evaluated (Table 6).  
 
Since data for nitrous oxide emissions from soil proved to have a large impact on the results, 
the effect of a 20% reduction in these emissions was assessed. It should however be kept in 
mind that the nitrous oxide emissions already are low compared to conventionally produced 
cash crops.  
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Evaluating a future technical system involves many uncertainties concerning the assumptions 
regarding technological developments. For example, the energy efficiency of fuel cell 
vehicles is an important assumption and in the sensitivity analysis we investigated the impact 
of a 10% increase in fuel cell efficiency, i.e. a 37% overall power train efficiency for 
hydrogen and 32% for methanol. Hydrogen might be stored at higher pressures in the future. 
This would decrease the need for transport, but increase the need for energy for compressors, 
which would mean a lower yield of hydrogen since the fuel production plants were assumed 
to be self-sufficient in energy. A scenario was evaluated where the hydrogen was compressed 
to 700 bar.  
 
It is also uncertain in what degree the surrounding society has changed to renewable fuels. In 
the study it was assumed that transports to and from farm was done with hydrogen or 
methanol from natural gas. A scenario analysis was done where the transportation trucks 
driven with biomass based fuels using data from Edwards et al. (2006). 
 
The functional unit was defined as producing enough motor fuel for self-sufficiency in a 1000 
ha farming system. All the scenarios studied fulfilled this. However, the Salix scenarios 
produced a smaller amount of cash crop outputs, as part of the cultivation area had to be set 
aside. Seen in a wider perspective, these crops have to be produced elsewhere. In the scenario 
analysis a system expansion was made, assuming the difference in crop output was 
compensated for by winter wheat grown in Sweden using artificial fertilisers and tractors 
driven on hydrogen from natural gas. Data were based on Bernesson et al. (2006) and Pehnt 
(2001).  
 
The primary reason for growing wheat today is to produce grain, and if the straw were not 
utilised for fuel production, it would probably be ploughed into the soil. Therefore it could be 
argued that straw should not be burdened with environmental impacts from the wheat 
production and should be considered as a free resource. However, in the future it can be 
assumed that the need for biomass will increase, which would mean that the straw becomes a 
valuable by-product for farmers. The effect of calculating straw as a free resource was 
evaluated, as well as an increased price for straw.  
 
In the ley scenario, the methane emissions from storage of digestate had a large influence on 
the results. These data are quite uncertain, and the systems sensitivity to a 20% reduction in 
methane emissions was evaluated. According to the allocation method chosen, ley was freed 
from soil emissions. It could also be argued that ley should carry the emissions from 
cultivation, which we tested in the scenario analysis. Furthermore, it was first assumed that 
the transportation distance was 25 km in the ley scenario, but a distance of 100 km was also 
evaluated in the scenario analysis. This will probably not be economically viable, but makes it 
comparable to the other scenarios in the study. 
 
As mentioned earlier, (chapter 3.4) the organic soil carbon content could increase when 
cultivating a perennial crop like Salix. The result of an increase in soil carbon of 133 kg C ha
-1 
year
-1 was assessed.  
  
The scenario and sensitivity analysis showed that the results of the study were sensitive to a 
number of assumptions, such as amount of nitrous oxide emissions and fuel cell efficiency. 
However, the largest changes occurred when the system assumptions or system boundaries 
were changed, for example when the system expansion was made in the Salix scenarios, when 
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scenario was burdened with soil emissions.  
 
Table 6. Changes in global warming potential (%) when the selected input parameters were 
changed 
Scenario number  1a 1b 2a 2b  3 
Raw material  Straw Straw Salix Salix  Ley 
Fuel H2 Methanol H2 Methanol H2 
N2O emissions –20%  - 7% - 10% - 14% - 16%   
Fuel cell efficiency +10%  - 11% - 13% - 10% - 11%  - 12% 
Higher H2 storage pressure   - 6% - 1%   0% 
Renewable fuel in transport trucks  - 46% - 47% - 20% - 17%  - 23% 
System expansion Salix scenarios  + 98% + 111%   
Straw for free  - 35% - 50%    
Straw price +20%  + 7% + 9%    
Methane emissions –20%    - 13% 
Ley not freed from soil emissions    + 141% 
Ley distance 100 km    + 60% 
Soil carbon increase  -61% -69%   
 
 
6. Discussion 
It is also important to make sure that the long term fertility of the soil is maintained. As seen 
in the sensitivity analysis, the soil carbon content could increase in the Salix scenarios which 
would have a positive effect on the soil fertility. In the straw scenarios, about 430 hectares 
was available for straw collection per year. In the hydrogen scenario 43 ha of wheat straw was 
collected and 53 ha in the methanol scenario, equivalent to 10-12% of the produced straw in 
one year. This small amount of removal will most likely not affect the carbon content of the 
soil. In the ley scenario the return of the digestate from the biogas reactor will maintain the 
carbon content. Soil erosion is a difficult problem in many parts of the world and removing 
straw might increase the risk for erosion. However, loss of soil through wind or water erosion 
is a very limited problem in Sweden (Ulén, 2001). In organic farming, artificial fertilisers are 
not used. In the thermochemical gasification scenarios, the nitrogen in the raw material is lost, 
but the valuable potassium and phosphorus can be returned via the ash. However, most of the 
nitrogen in cereal is contained in the grain and the content of nitrogen in straw is generally 
very low. In Salix, most of the nitrogen is contained in the leaves, which are left on the fields 
as Salix is harvested during the winter season. In the ley scenario, the nutrient-rich digestate 
was transported back to the farm, where it can be spread in all the crops, making the 
utilisation of nutrients much more efficient than if the ley had been ploughed down in the 
field. In conclusion, all the scenarios are capable of good soil and nutrient management if the 
by-products from the fuel production are returned.  
 
The sensitivity analysis showed that the results of the Salix scenarios were sensitive to 
changes in system boundaries, for example when the reduced production of crops was 
considered. If the production of this crop somewhere else was included, the results 
significantly changed. However, the result of this sensitivity analysis is very dependent on 
what crop production is chosen. It is also possible that there will not be an elsewhere 
production, but that the missing crops will simply reduce a surplus of grain on the market. 
The Salix scenarios were also very sensitive to soil carbon changes. However, the amount of 
carbon that can be sequestered in the soil is difficult to estimate. It is also important to note 
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the Salix plantation is terminated the carbon will be released to the atmosphere. Further, the 
sensitivity analysis showed that the results of the study were sensitive to a number of 
assumptions, such as size of nitrous oxides emissions and fuel cell efficiency. Assumptions on 
what fuel the transports are made with also influenced the results. In other words, the results 
were dependent on assumptions within the system boundaries, where the system boundaries 
were drawn, and on assumptions of how the surrounding society was configured. 
 
In earlier studies, other fuels have been studied for self-sufficiency of organic farms (Hansson 
et al., 2007, Ahlgren et al., 2008). The so-called first generation fuels (rape methyl ester, 
ethanol and biogas) showed a 56-73% reduction in global warming potential effect compared 
with fossil diesel use. For the second generation fuels Fischer-Tropsch diesel and dimethyl 
ether, the reduction was 82-95% depending on choice of raw material (straw or Salix). This 
can be compared with the present study, in which the global warming potential effect was 
reduced by as much as 89-97% compared with diesel.  For eutrophication potential, the first 
generation fuels gave a 2-5 times larger contribution than diesel, while the other fuels instead 
reduced the impact.  
 
The systems described in this study are of high technological complexity. The technology for 
biomass gasification, hydrogen infrastructure and fuel cell technology must be on a 
commercial scale and available at reasonable costs before the studied systems can be 
implemented. The studied fuel production plants in the gasification scenarios are of very large 
scale in order to cover the high investments required for the gasification and cleaning 
equipment. However, this brings special requirements on the biomass logistics, especially for 
straw, which is a bulky material. A way to solve the large-scale biomass supply at a 
reasonable cost could be to use transport means other than trucks, such as train and boat. At 
present there are very few large scale biomass facilities in Sweden, the largest one is a 200 
MW combined heat and power plant (Söderenergi, 2009). A new biomass-to-methanol plant 
of 100 MW is planned to be build in Sweden. The production costs is estimated to 0.5 € per 
litre gasoline equivalent, while the same cost for wheat ethanol is stated to be 0.9 €, which 
would make methanol a very competitive fuel (Gillberg, 2009). 
 
Concerning the implementation of hydrogen at the farm, the delivery and refuelling of 
hydrogen could be solved from a technical point of view, but will be expensive unless a 
higher density storage system is developed. The storage of hydrogen on the tractors is also 
complicated since the tanks have to be attached to the tractor, if not the tractors are especially 
designed for compressed hydrogen as fuel. If fuel cells are not on the market at a reasonable 
price, it could also be possible to use the hydrogen and methanol in combustion engines (Das, 
2002). This would however reduce the power train efficiency, thus leading to a higher 
demand for biomass, as well as an increase in emissions when utilising the fuels.  
 
The competition of biomass is likely to increase in the future. The demand for feed is 
increasing as a consequence of higher meat consumption and larger world population. The 
energy sector (electricity, heat and fuels) will probably also have an increase in demand due 
to rising fossil energy prices and emission reduction targets on national and international 
basis. Sweden has vast, but nor endless, biomass resources. The annual supply of fossil fuels 
(oil, gas, coal and coke) to society is at present about 238 TWh (Swedish Energy Agency, 
2008). Of this, about 2 TWh goes to tractive power in agriculture (Edström et al., 2005). The 
bioenergy supply (from agriculture and forestry) is about 120 TWh (Swedish Energy Agency, 
2008). However, we suggest that the agricultural sector should not be seen as a competitor 
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self-sufficient in energy. In that way we can assure a stable and clean production of food and 
energy to the rest of the society when fossil fuels become rare or too expensive to use.  
 
7. Conclusions 
 
The straw scenarios showed the lowest contribution to global warming and acidification. The 
straw could be collected within the crop rotation, i.e. no land needed to be reserved for fuel 
raw material production. Since the farm in the study was organically managed with a large 
proportion of green manure, the removal of straw have little effect on organic soil matter 
content.   
 
In the Salix scenarios, the soil emissions dominated the environmental impacts. The 
difference in land use between hydrogen and methanol was small. It should also be taken into 
consideration that Salix requires the land to be set aside for a long period of time, thus 
reducing the output of crops from the farm.  
 
The fuel production gave a large contribution to the global warming potential in the ley 
scenario, since methane was emitted during storage of digestate. The ley scenario showed a 
lower energy balance than the other systems due to low efficiency in fuel production. No land 
needed to be set aside, and the ley scenario also had the advantage of making the nutrients in 
the ley more effectively used in the organic crop rotation by spreading of digestate from the 
chosen crops instead of them being ploughed down.  
 
The scenario and sensitivity analysis showed that the results of the study were sensitive to a 
number of assumptions, such as amount of nitrous oxide emissions and fuel cell efficiency. 
However, the largest changes occurred when the system boundaries were changed, for 
example when the system expansion was made in the Salix scenarios and when the ley 
scenario was burdened with soil emissions.  
 
The difference in environmental performance lay not so much in the choice of fuels, but in the 
choice of raw material. Methanol is comparatively easy to handle, while hydrogen is a gas 
with low volumetric energy density that requires an adapted infrastructure. This leads to the 
conclusion that methanol probably will be the preferred choice if a fuel cell powered 
agriculture would be implemented in the future. 
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